The electric field gradient (EFG) at the chlorine site is calculated for cubic compounds of the K2PtCl6-type (space group Fm3m), M'2M'vClg, where M1 is an alkali metal and MeIV a tetravalent element. In the calculations the total EFG is subdivided into the contribution of the complex [MivC16]2~, EFGcomplex, and the contribution of the ions outside the complex, EFGlattice. EFGcom pl?x is calculated by the local electron density formalism using the MS-Xa-method, and EFG,atlice is determined by the point charge model.
Introduction
In the past 30 years many hexachlorometallates with composition M2MIVC16, where M1 is an alkali metal or organic cation and M,v is a tetravalent ele ment, have been studied by 35C1 nuclear quadrupole resonance (NQR) spectroscopy; for a review of the experimental data see [1, 2] . Experimental NQR-data for hexabromo-and hexaiodometallates are more scarce. Hexahalometallates for which M1 is an alkali metal ion crystallize in large majority in the highly symmetric structure of the K2PtCl6-type (space group Ojj -Fm 3m). Since the point symmetry of the halo gen atoms within the K2 PtCl6-type is 4 mm, the asymmetry parameter rj is zero and 2v (Halogen) = e2 Q q/h (Halogen), the nuclear quadrupole cou pling constant (NQCC) . The values for the measured 35C1 NQR frequencies of M'2MivC16 are within the range of 9 to 28 MHz [1, 2] quencies in the hexachlorometallates are distinctly smaller than those in purely covalent chlorine com pounds and distinctly larger than those in pure ionic environments [3, 4] one expects a complicated inter play of covalent and ionic contributions to the electric field gradient (EFG) at the chlorine site (eg(35Cl)) in these compounds. Therefore a pure ionic model fails in describing the magnitude and trends in the NQR data [5] . To interpretate the measured EFG it is neces sary to study covalent as well as ionic contributions to the EFG.
In the present work we have calculated the various contributions to the EFG by the following procedure. The crystal is separated into two regions, the region of the complex [MIVC16]2~ which includes the nucleus considered and the rest of the lattice. The EFG pro duced by the complex is investigated by a molecular ab initio self consistent field (SCF) calculation [6] within the local density formalism [7] using the multi ple scattering Xa-method (MS-Xa) [8, 9] , The contri bution to the EFG due to the rest of the lattice is handled by the point charge model [10] , It is expected that this computational treatment is quite reasonable. The arguments are the following: For compounds M2 [MivC16], for which M1 is an alkali atom, covalent 0932-0784 / 88 / 0' 00-655 $ 01.30/0. -Please order a reprint rather than making your own copy.
bonds and overlap charge densities should mainly ex ist within the complexes [MIVC16]2~. There is only a negligible charge overlap between these anions and the cations. Therefore the interaction between the ca tion and the anion sublattices is predominately ionic and the point charge model can be successfully used to study the EFG produced by the charges external to the complex [11] .
For those compounds for which the cations are partially substituted ammonium ions the situation is much more complicated. First of all the lower symme try of these compounds [12] will lead to a decrease of crystal symmetry and the Xa-method should be less suitable (see below). Furthermore, the occurence of hydrogen bonds N -H...C1 will give an additional covalent interaction between the cation and the anion sublattices bridged by hydrogen bonds. 
Methods
Within the principal axis system the z component of the electric field gradient eq is given by
where p(r) is the sum of the charge density of the electrons, £>e(r), and the charge density of the nuclei, {?N(r). 9 is the angle between the line joining the charged volume element dt to the central nucleus con sidered (CI) and the z-axis (z = r • cos 5).
r, are the positions of the nuclei with respect to the choosen origin in the crystal lattice, which is the CI nulceus considered. Q is the crystal volume. As mentioned in the Introduction, the integral (1) over Q is seperated into an integration over the
and an integration over the rest Q'. This latter contribution is called eqlattice, it is ap proximated by the point charge model:
where Z\ are the atomic point charges, which are equal to +1 for the cations and which are partial charges deduced from the molecular SCF calculation for the atoms of the complex, see below. The summa tion in (4) has to be taken over all atomic charges of Q'. The EFG contribution of the complex is deter mined from the electron wave functions, which are calculated by the Xa-method [7, 8] using the exchange parameters given by Schwarz [13] . To calculate the potential seen by the electrons, Qc is separated into three regions (muffin-tin approximation), see Figure 1 . Regions I are non overlapping or slightly overlapping spheres around the nuclei, region II is the volume outside an outer sphere around the atomic spheres and region III is the rest of Qc . In the regions I and II the potential is in approximation spherical symmetric, and in region III the potential is assumed to be con stant. The partial charges Z\ used in the lattice sum (4) are the charges inside the muffin-tin spheres plus the charge of regions II and III distributed over the spheres.
The total EFG is not just the sum eqcomplex-f-eqlmice as the influence of the lattice (the charges of Q') on the charges of the complex is not taken into account. Approximately the interaction between the complex and the lattice is considered in the following way.
The crystal field effect on the energy levels and charges of the complex is partly taken into consider ation by an outer potential produced by a charged 
Overlap
Sphere sphere around the complex centered at the MIV nu cleus (Watson-sphere model) [14, 15] , The charge of the Watson-sphere is equal to + 2, and the radius of the Watson sphere is chosen in such a way that the potential inside the sphere is equal to the Madelung potential of the lattice (excluding the charges of the complex). Of course, this Watson-sphere potential does not take into account the non spherical part of the crystal potential causing a shielding effect on the EFG. The shielding is considered by the Sternheimer pro cedure [16] :
where y^ is the antishielding factor. We have used y^ -y^ (Cl)3p = -42, which is calcu lated for C P in a crystal environment [17] . The anti shielding effect of the 2p shell is much smaller (y^ (Cl)2p = -0.737), and it is found that the contribu tion of the shielding of the 2 p shell can be neglected.
According to this model the total EFG is separated into the following contributions:
The contribution of the chlorine atom centered at the position of the nucleus considered:
e(r) (3 cos2 5 -1 )
eqlocal is calculated by integrating over the CI atomic sphere of volume QCi. The contribution of the rest of the complex:
distant is the contribution of the cores of the atoms in the complex and of the charge density of the valence electron outside ß ci.
The total contribution of the whole complex is giv en by^c omplex = local 4" ^distant • (8) For the contribution of the lattice eqlattice, see (4) . Then the total EFG is given bŷ total = ^local + ^distant + t1 ~ 7oo] ' ^lattice" (9) In the next section these contributions to eqtota, are given for the systems studied here.
Results
The parameters used for the Xa-cluster calculations and the evaluation of the lattice sums are listed in Table 1 is Oh. In case of distorted octahedra we have assumed D4h-symmetry. Experimentally, D3h-symmetry or even lower symmetries are observed, too. In case of the [SnCl6] octahedron, there are 58 valence electrons in the complex (including the outermost d-shell of SnIV). Two sets of radii of the muffin-tin spheres are chosen. Firstly the spheres do not overlap and further more for CI ~ the fixed ionic radius of R (CP) = 1.218 Ä is used. Secondly these radii are changed in such a way that the muffin-tin spheres possess an overlap of 5% in the radii. First the energy levels of the electronic va lence states shall be considered. Figure 2 gives the term scheme deduced from the Xa-calculation for [SnCl6]2~. For comparison we have also performed a band structure calculation for Cs2SnCl6 using the augmented spherical wave (ASW) procedure [21] . The energy as a function of the wave vector k for various directions in k-space is shown in Figure 3 . One sees that the bands show only a small dispersion and the qualitative agreement of the position of the energy levels for both procedures is good. Therefore we think that the cluster calculation simulates the occupied electronic states of the crystal quite reasonably. The MO character of the levels can be deduced from the partial charges Q\n) (i) given in Table 2 . Q\n)(i) are the charges inside the muffin-tin spheres i of the electron state n associated with the angular momen tum /. From the charges given in Table 2 one sees that the lowest two levels in Fig. 2 correspond to the 4d states of Sn (labelled "4d(Sn)" in Figure 2 ). The next three levels are formed predominately by the 3 s elec trons of chlorine ("3 s (CI)"). The other occupied levels are the 3p states of chlorine, one of these states (2 Alg) is distinctly lower in energy than the others. This state is mainly a hybrid state of the 3p chlorine and the 5 s tin states ("5s(Sn)-3p(Cl)"). The uppermost valence states are predominately 3p states of CI ("3 p (CI)"). The overall charge distribution can be roughly de scribed by Sn1-36 + (Cl°'56~)6. The term diagrams of all compounds with Oh symmetry considered here are very similar to the one shown in Figure 2 . The state energies of all compounds studied here are of course a little bit different, but the arrangement of the levels is very similar.
Furthermore, the distribution in "3 s (CI)-", "3p(Cl)-", and a hybrid level containing the highest s-level of the tetravalent metal ion MIV and a 3 p (Cl)-state is always found. For tin and tellurium the highest s-level is the 5s-state, whereas for lead and titanium it is the 6 s-and the 4s-state, respectively. The Table 2 . Partial charges Qin) (/) of the electronic valence states n inside the muffin-tin sphere, i -Sn, CI. Q{n) (i) is also seperated into the / components (s, p, d) Q[n,(0- Comparing Sn, Pb, Ti, and Te one finds that Te has two more valence electrons than the other metals. In the [TeCl6]2~ octahedron these electrons occupy the 3 A i -level, which is unoccupied in case of the other hexachlorometallates.
Next we consider the EFG of the complex at the chlorine site eqcomplex. In Fig. 2 the contributions of the electronic valence states n to eqcomplex, eq[n JXence, are given. Summing up the contributions given in Fig. 2 one gets ^valence = Z^L c e = H-83 • 1017 Vcm "2. That means that the sum is in the same order of magnitude as the contributions of the various elec tronic states (<?gvalenCe differs slightly from eqioca] de fined in (4) as eqvalence is equal to an integral over Qc instead of ß cl).
In Table 3 the different contributions to the EFG defined in Section III are summarized for the hexa chlorometallates studied here and the resulting charges of the atoms are listed. For comparison the experimental data for the EFG are given, too.
Under the assumption of r] = 0 the electric field gradient eq can be deduced from the experimental 35C1NQR frequency v(35Cl) by the equation (10) where e is the unit charge (e = 1.6022 -10"19 As), Q is the nuclear quadrupole moment of 35C1 (Q = -0.0797-10" 24 cm+ 2) and h is the Planck constant (h = 6.626 10" 34 Js). The last two rows of Table 3 give the partial charges used as the point charges for the lattice sum calcula tions.
One sees from Table 3 that the main contribution to the EFG is eqiocal. The contribution eqlatlice is much smaller and is opposite in sign. However, including the shielding effect the lattice contribution is not negli- Table 4 . Comparison of the electric field gradient (EFG) in the regular [SnCl6] ~2 octahedron eq0 (symmetry Oh) and the distorted octahedron eqx and eq2 (symmetry D4h) using nonoverlapping spheres. eqx is the EFG at Cll (dSn_cll = 2.42 Ä) and eq2 is the EFG at C12 {dSn_C 12 = 2.46 Ä); see also Table 1 . Besides eqx " eqdislanl, and eqlaUice (see Eqs. 4-9) the contri bution of the valence states eqvaUnce are given too, egva,ence is seperated into the contributions of the "3p(Cl)" to "4d(Sn)" electrons, see Figure 2 . rj is the asymmetry parameter. The eq{ are given in 10 Vcm"2. gible. Furthermore the trend in the EFG going from potassium hexachlorostannate to cesium hexachlorostannate is mainly caused by the change of the lat tice constant. Changing, on the other hand, the central atom of the complex the change in the EFG is primar ily due to the change in eqlocal.
To study the influence of the size of the chosen atomic spheres on the calculated EFG we have also performed calculations using overlapping spheres. The radii of the muffin-tin spheres have been en hanced by 5%, see Table 1 . The calculated EFG using overlapping spheres is also listed in Table 3 . One sees that the EFG changes distinctly by going from nonoverlapping spheres to overlapping ones. However, the results deduced from the overlapping spheres model show the same trends as the ones using nonoverlapping spheres.
Besides the study of a regular octahedron we have performed cluster calculations for a distorted octahe dron (symmetry D4h). Table 4 shows the results of the EFG for the distorted (eqx and eq2) and the regular [SnCl6]2-octahedra (eq0). For the distorted octahe dron the MVI-C1 distance of two trans chlorine atoms to the central atom is increased from 2.42 Ä to 2.46 Ä. As the main differences in eq0, eqx and eq2 result from the contribution eqiocal, the eq values for the electronic p-states for CI (the levels 3Eg to 2Tlu in Fig. 1) , the s(Sn)-p(Cl)-state (Alg), the s(Cl)-states (2Eg to Alg), and the d(Sn)-states (lT2g and lE g) are given seperately.
Comparing the results for the distorted and the undistorted systems one sees that the NQR frequen cies should split into a lower one for the CI atom with the larger Sn-Cl distance and a larger one for the other chlorine atoms. This trend is indeed observed experimentally. One finds from Table 4 that the change of the EFG going from the regular to the distorted system is predominately due to the change in the contribution of the uppermost valence states ("3p(Cl)"-valence states in Figure 2 ).
Discussion
Before discussing the various contributions to the EFG in the hexachlorometallates, the total calculated EFG shall be compared with the data found experi mentally.
Comparing the experimental and the theoretical values of the EFG given in Table 3 one recognizes that EFGtheo is always smaller than EFGexp . We think that this is mainly caused by EFGcomplex, which might be too small in the present approach for the following reason: In the Xa-model the electron potentials around the nuclei are approximated by their spherical averages; see above, Section II. Therefore the asym metry of the charge density, which causes the electric field gradient in the electronic charge is only consid ered after the last cycle of the SCF procedure. This means that part of the non-sphericity of the potential due to the electronic charge inside the muffin-tin spheres considered is not taken into account and that the covalent contribution to the EFG is probably un derestimated within this approach.
Besides the errors in calculating EFGcomplex the shortcomings of the point charge model must be con sidered. The main source of error is the use of the chosen antishielding factor. The value used is deduced for the charge distribution of a C P ion. As yx is decreasing with decreasing effective charge of the atom, the yx value for the chlorine in the complex should be smaller than the one used here. Inter polating yao( C r ) = -4 2 to an effective y^C P 0-56) gives the value of yK , = -39. Therefore we assume that the calculated values of EFGlattice might overes timate the absolute value of this contribution. Sum marizing the comparison between EFGtheo and EFGexp we think that the values for EFGcomplex and EFG, are smaller than the "true" values for these contributions to the EFG. However, we think that a more sophisticated calculation would give the same trends in the various contributions to the EFG as the ones found here. Next we turn to the discussion of the various contri butions to EFGlocal. EFGloca, is mainly caused by the 3p wave functions of CI.
In a simple approximation this contribution can be written as [25] eq["Li « -4 /5 e< r-3> (ßjg. -Qj£),
where n is the electronic state considered, <r~3> is the radial expectation value of r~3, (x', y', z') is the prin cipal axis system, and where it is assumed that Ql pl -Q( py (l -0)-Depending on the occupation numbers of the pPj, orbitals (x-= x', y', z') eq{n) can be positive or negative. The basis function of the repre sentation Alg is the p,-orbital, and therefore ßp*!8' = 0 and eglocaV is always negative. For the two or three dimensional representations, however, the sign of eq["lal can not be predicted in advance, as the px, as well as the p,, orbitals belong to the basis function system. Depending on the dominance of QPx or QPx, respectively, eqj"^, can be positive or negative. According to the partial cancellation of the terms eq\"lal it follows that the total contribution ^locai = Z e<?iocai in the same order of magnitude as the eq\"lai itself. Because of this cancellation it is rather complicated to predict a general trend in the EFG in the hexachlorometallates based on a simple effect as the occupation of one single electronic valence state. Discussing eqlocai in the series of compounds with dif ferent IVa elements (Ge, Sn, Pb) as central atom one finds that the EFG is decreasing going from the Ge to the Sn compound, and increasing going from the Sn to the Pb compound. It is interesting to note that the decrease in the EFG is accomplished by an increase of the negative charge at the Cl-atom (see last row in Table 3 ). This behaviour can be explained by the sim ple picture that an additional negative charge of the partial charged Cl-atom increases the occupation number of the p, orbital whereas the "lonepair" px, p^ levels are fully occupied. As can be seen from (10), for fixed QPx and increasing ß the eq,oca, value should decrease.
Next the lattice contribution eqUnice shall be consid ered. Due to the 1 /r3 dependence of the EFG (see (4) ) |EFGlattice| decreases with increasing lattice constant of the compound, and as the size of the M1 element increases with increasing atomic number one finds that |EFGlattice| decreases going from the K to the Cs compound. Taking the shielding effect into account one finds that this change in EFGlattice seems to be responsible for the change in the EFG for compounds which possess the same central atom (MIV) but differ ent cations.
Finally the theoretical results for the EFG in a dis torted octahedron shall be compared with the EFG of the regular octahedron. One finds from Table 4 that the EFG for the shorter distance Sn-Cl, eqv is smaller than the one for the longer Sn-Cl distance, eq2, and that eq, < eq0 < eq2, where eq0 is the EFG at the chlorine site for the undistorted system. The differ ences in eq,, eq2 and eq0 are mainly caused by differ ences in the occupation numbers of the valence "3 p (CI)" state, see first row of Table 4 . Within the calculation reported here the s-amplitudes of the chlorine atoms are nearly the same for the three differ ent Cl-atoms given in Table 4 (Cl0, Cll5 Cl2) and therefore the change in the EFG cannot be explained by a change in the sp-hybridization. Furthermore, the change in the EFG due to the change in the distance to the neighbours (l/r3-terms) is distinctly smaller than the change in the covalent terms mentioned above. Moreover we want to point out that the charge at the chlorine atom is larger for the CI closer to the central atom than the one for the chlorine atom for which the Sn-Cl distance is larger. Here the simple assumption that the EFG should be smaller for the more negatively charged chlorine atom fails.
